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Introduction {#sec1}
============

Sodium-ion batteries (SIBs) are now proposed as a potential large-scale energy storage technology because of the low cost and high abundance of sodium resources ([@bib8], [@bib37], [@bib2], [@bib3]). As an indispensable constituent of SIBs, the electrolyte plays a key role in determining the electrochemical performance and safety of the batteries. However, the most commonly used electrolytes for SIBs are still based on alkyl carbonate solvents, which are volatile and flammable, imposing a potential safety hazard for large-scale applications ([@bib38], [@bib4]). On the other hand, the alkyl carbonates often form an organic-rich solid-electrolyte interface (SEI) layer on the anode during the initial charge ([@bib28], [@bib7], [@bib41]). These organic Na compounds in SEI have a much higher solubility than their Li counterparts because of the lower Lewis acidity of Na ([@bib13], [@bib24], [@bib36]), leading to continuous electrolyte depletion and, therefore, inferior cyclability. Consequently, it is necessary to develop novel electrolyte systems with high safety and surface passivation capabilities.

To improve the safety of batteries by avoiding leakage of the flammable electrolytes and reducing gas production in abuse condition, the most straightforward approach is to apply the gel polymer electrolyte (GPE), which is composed of a polymeric framework and a certain amount of liquid electrolyte ([@bib5], [@bib11], [@bib53]). For instance, the LiNi~0.8~Co~0.15~Al~0.05~O~2~ (NCA)/graphite-Si/C pouch battery using poly(pentaerythritol tetraacrylate) GPE cannot combust in the puncture experiment, whereas the battery using liquid carbonate electrolyte underwent a violent combustion ([@bib20]). Other good examples of GPEs are poly(ethylene oxide) ([@bib6]), polyvinylpyrrolidone ([@bib30]), poly(ethylene glycol) methyl ether methacrylate ([@bib1]), poly(vinylidene fluoride-co-hexafluoropropylene) ([@bib17]), and poly(ethylene glycol) divinyl ether-co-bisphenol ethoxylate dimethacrylate ([@bib50]). Although the GPE can alleviate some safety hazards such as liquid leaking and combustion in battery systems, the reaction between the charged electrode and liquid electrolyte at elevated temperature is still an issue.

Alkyl phosphates exhibit similar physicochemical properties, e.g., high dielectric permittivity and low viscosity, as alkyl carbonates but are intrinsically nonflammable ([@bib42], [@bib9]). In addition, alkyl phosphates are less reactive to charged electrodes at elevated temperatures ([@bib14], [@bib23]), further improving the safety of the batteries. Thus, utilizing alkyl phosphates as electrolyte solvents may resolve the thermal safety problems of batteries. Previous works have proved that trimethyl phosphate- and triethyl phosphate (TEP)-based electrolytes have good compatibility with conventional electrode materials, including NaNi~0.35~Mn~0.35~Fe~0.3~O~2~, S~8~, SiO, and Sb ([@bib48], [@bib23], [@bib47]). Unfortunately, these alkyl phosphate electrolytes are electrochemically incompatible with carbonaceous materials, which are widely used as high-capacity, low-cost anodes of SIBs, because their decomposition products on carbon anodes are unable to form a compact SEI layer ([@bib43]). This issue can be alleviated using highly concentrated electrolytes (commonly \>3 mol L^−1^). Recent studies reveal that increasing the salt concentration results in the formation of a three-dimensional solution structure without free solvent molecules, effectively suppressing the reactivity of the electrolyte solvent ([@bib35], [@bib49], [@bib12], [@bib22]). In addition, some special anions (FSI^−^ or TFSI^−^) in the high-concentration electrolyte preferentially decompose to form a robust and compact SEI film on the carbon anode, which further inhibits the side reaction of the electrolyte ([@bib33], [@bib46], [@bib15], [@bib26]). Despite its good compatibility with the carbon anode, high-concentration electrolytes also have several drawbacks, such as requiring large amounts of expensive salts, poor wettability, and high viscosity, which hinder their commercialization process ([@bib45]).

Rather than using a highly concentrated electrolyte, we present here another feasible strategy to stabilize the phosphate electrolyte on carbonaceous electrodes by introducing fluorine atoms into the molecules. Owing to the strong electronegativity of the F atom, fluoroalkyl phosphate shows poorer resistance to the reduction reaction than alkyl phosphate and should decompose before Na^+^ inserts into the carbon anode to form a stable SEI film, thus avoiding repeated SEI formation/damage ([@bib52], [@bib39], [@bib34], [@bib44]). Such a compact and dense SEI film on carbonaceous anodes can improve the electrochemical performance of hard carbon (HC) anodes. Therefore, a normal concentration (∼1 M) rather than a highly concentrated electrolyte (\>3 M) would be used to suppress the decomposition of solvent, greatly reducing the electrolyte cost to meet commercial requirements. In addition, the thermally stable inorganic SEI layer (e.g., NaF) originating from the decomposition of fluorophosphate can reduce reactivity between the sodiated anode and electrolyte at elevated temperatures, leading to extraordinary thermal safety for the SIB ([@bib21], [@bib51]). Moreover, partial fluorine substitution creates a synergistic flame-retardant effect to further reduce the possibility of battery combustion. As a proof of concept, we demonstrate for the first time a highly safe, high-performance SIB with an HC anode, a Na~3~V~2~(PO~4~)~3~ (NVP) cathode, and a novel bifunctional electrolyte composed of tris(2,2,2-trifluoroethyl) phosphate (TFEP) solvent and low-concentration NaFSI (0.9 M).

Results and Discussion {#sec2}
======================

Physicochemical Properties of the TFEP-Based Electrolytes {#sec2.1}
---------------------------------------------------------

The chemical stability of TFEP toward Na is visually examined by storing Na pieces in the TFEP solvent. As shown in [Figure 1](#fig1){ref-type="fig"}A, even after 9 months of storage at room temperature, the surface of the Na metal remains bright, indicating high chemical stability of TFEP with Na. In contrast, the fluorine-free phosphate, TEP, reacted with Na and slowly generated bubbles ([Figure S1](#mmc1){ref-type="supplementary-material"}). After 7 days, the Na metal was largely consumed, and the solution turned into a yellowish gel ([Figure 1](#fig1){ref-type="fig"}B). This difference can be ascribed to the stability of different SEI layers. According to density functional theory with the B3LYP/6-311G basis set, TFEP has a relatively high electron affinity (low lowest unoccupied molecular orbital \[LUMO\] energy level), which facilitates the generation of a dense protective layer (mainly NaF) on the surface of Na via preferred reductive decomposition, suppressing the subsequent corrosion of Na ([Figure 1](#fig1){ref-type="fig"}C) ([@bib25], [@bib19]). Conversely, in a TEP solution, the TEP-derived SEI shows higher solubility, resulting in the continuous corrosion of Na. Therefore, TFEP can be used to build a highly stable SIB because of its low LUMO energy level and excellent anodic passivation ability. The non-flammability of TFEP was examined by an igniting test. TFEP could not be ignited completely ([Figure 1](#fig1){ref-type="fig"}E), whereas the carbonate solvent of a mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1, V/V) started a fire rapidly after ignition ([Figure 1](#fig1){ref-type="fig"}D). Apparently, use of the TFEP electrolyte can remarkably enhance SIB safety.Figure 1Comparison of TFEP and Carbonate Electrolytes in Terms of Chemical Stability and Flammability(A and B) Images of Na metal stored in TFEP (A) and TEP (B).(C) Energy level diagrams of TFEP and TEP. HOMO, highest occupied molecular orbital.(D and E) Ignition test of EC/DEC (D) and TFEP solvent (E).See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

[Figure S2](#mmc1){ref-type="supplementary-material"} displays the room temperature ionic conductivities of TFEP electrolytes with various NaFSI contents. The electrolyte containing 0.9 M NaFSI displays the highest conductivity of 0.43 mS cm^−1^. In this regard, 0.9 M NaFSI-TFEP electrolyte was used in subsequent electrochemical investigations. The electrochemical window of the 0.9 M NaFSI-TFEP electrolyte was evaluated by cyclic voltammetry (CV) on a Pt microelectrode ([Figure S3](#mmc1){ref-type="supplementary-material"}). The CV curve shows no additional redox peaks in a potential range of 0--5.0 V (versus Na/Na^+^) aside from a couple of highly reversible Na deposition/dissolution peaks observed, demonstrating a wide window of electrochemical stability.

Electrochemical Performance of Hard Carbon Anode in 0.9 M NaFSI-TFEP Electrolyte {#sec2.2}
--------------------------------------------------------------------------------

The electrochemical performance of the HC anode in 0.9 M NaFSI-TFEP electrolyte is shown in [Figure 2](#fig2){ref-type="fig"}. The initial CV curve shows a broad cathodic peak from 1.0 to 0.4 V and a pair of redox peaks at approximately 0.1 V ([Figure 2](#fig2){ref-type="fig"}A), corresponding to the formation of an SEI layer and Na^+^ insertion/extraction into/from the carbon layers, respectively ([@bib29], [@bib40]). The initial galvanostatic charge-discharge profile of the HC anode exhibits a sloping region above 0.2 V and a plateau region at approximately 0.1 V ([Figure 2](#fig2){ref-type="fig"}B), which is consistent with the CV results. The HC anode in the 0.9 M NaFSI-TFEP electrolyte can deliver an initial reversible capacity of 239 mAh g^−1^ with an initial coulombic efficiency (ICE) of 75.4% at 20 mA g^−1^, which is similar to those in a 1 M NaClO~4~-EC/DEC electrolyte of 264 mAh g^−1^ and 74.1%, respectively ([Figure S4](#mmc1){ref-type="supplementary-material"}A). In addition, the HC anode in TFEP electrolyte exhibits a stable cyclic behavior with a capacity retention of 91.8% for 100 cycles at 50 mA g^−1^ and a coulombic efficiency (CE) of nearly 100% throughout cycling ([Figure 2](#fig2){ref-type="fig"}C). The rate performance of the HC anode in a 0.9 M NaFSI-TFEP electrolyte is shown in [Figure 2](#fig2){ref-type="fig"}D. Reversible capacities of 238, 210, 165, 84.0, 46.5, and 25.2 mAh g^−1^ are presented at 20, 50, 100, 200, 500, and 1,000 mA g^−1^, respectively, which are slightly lower than those in 1 M NaClO~4~-EC/DEC ([Figure S4](#mmc1){ref-type="supplementary-material"}B) due to the relatively lower ionic conductivity of the TFEP-based electrolyte. When the current density returns to 50 mA g^−1^, the HC anode can fully recover its original reversible capacity value in the TFEP-based electrolyte ([Figure 2](#fig2){ref-type="fig"}D). Overall, the HC anode using a 0.9 M NaFSI-TFEP electrolyte displays a high capacity, an excellent cycling stability, and a good rate capability and is fully capable for battery applications.Figure 2Electrochemical Performances of HC Anodes in a 0.9 M NaFSI-TFEP Electrolyte(A) Initial CV curve at 0.1 mV s^−1^.(B) Initial charge/discharge profile at 20 mA g^−1^.(C) Cycling performance at 50 mA g^−1^.(D) Rate capability.See also [Figures S3](#mmc1){ref-type="supplementary-material"} and [S4](#mmc1){ref-type="supplementary-material"}.

Characterization of the SEI Layer on HC Anode {#sec2.3}
---------------------------------------------

The excellent electrochemical performances of HC in TFEP-based electrolyte should be ascribed to the formation of a dense and compact SEI layer on the HC surface. To identify the morphology and composition of the SEI layer, scanning electron microscopy, transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS) were conducted on an HC anode cycled in a 0.9 M NaFSI-TFEP electrolyte for 10 times. The surface morphology of the cycled HC anode ([Figure 3](#fig3){ref-type="fig"}A) remains nearly the same as that of the original HC anode ([Figure S5](#mmc1){ref-type="supplementary-material"}), indicating that the SEI layer is uniform, dense, and extremely thin. This deduction is supported by the TEM image ([Figure 3](#fig3){ref-type="fig"}B), which depicts a dense and well-adhered SEI layer ca. 20 nm thick. [Figures 3](#fig3){ref-type="fig"}C--3F show the F 1s, P 2p, S 2p, and N 1s spectra of the cycled HC anode. The existence of NaF (684.3 eV) and PO~4~^3−^ (133.7 eV) may derive from the decomposition of the TFEP solvent. This speculation is further verified by the XPS spectra of the HC anode cycled in a NaClO~4~-TFEP electrolyte with non-fluorinated salt ([Figure S6](#mmc1){ref-type="supplementary-material"}B). Without the F-contained salt, the characteristic peak of NaF is still observed, which can only derive from the decomposition of TFEP solvent. Besides, the Na/HC cell in NaClO~4~-TFEP electrolyte displays a conventional charge-discharge curve but delivers a lower reversible capacity of 200 mAh g^−1^ ([Figure S6](#mmc1){ref-type="supplementary-material"}A). The inferior electrochemical performance is ascribed to the very low Na^+^ conductive ability (0.06 mS cm^−1^) of NaClO~4~-TFEP electrolyte and thus induces higher polarization. In addition, residual FSI^−^ (S-F at 168.8 eV, -SON at 398.4 eV) and its degradation products (NaF, Na~2~S~2~O~5~, S, Na~x~S, Na~2~S, and NaSNO at 399.7 eV) are detected as well ([@bib35], [@bib16], [@bib27]). All these inorganic species form a compact and robust SEI layer to synergistically suppress the electrochemical reduction of the TFEP solvent on the HC anode surface ([Figure 3](#fig3){ref-type="fig"}G). According to the above discussion, it can be supposed that the preferred reducible TFEP solvent can easily produce inorganic NaF via a two-electron reduction step ([Figure 3](#fig3){ref-type="fig"}H), which constructs a stable interface to facilitate sodium-ion insertion/extraction into/from the HC anode ([@bib32], [@bib18]).Figure 3SEI Characterization and Formation Mechanism on a Hard Carbon Anode in TFEP-Based Electrolyte(A and B) Scanning electron microscopic (A) and TEM (B) images of the HC anode after 10 cycles.(C--F) XPS spectra of F 1s (C), P 2p (D), S 2p (E), and N 1s (F) spectra of the cycled HC anode.(G) Schematic illustration of the SEI layer.(H) Possible mechanism for the decomposition of the TFEP-derived interlayer.See also [Figures S5](#mmc1){ref-type="supplementary-material"} and [S6](#mmc1){ref-type="supplementary-material"}.

Electrochemical Performance of HC/Na~3~V~2~(PO~4~)~3~ Battery with 0.9 M NaFSI-TFEP {#sec2.4}
-----------------------------------------------------------------------------------

To verify the potential application of the TFEP-based electrolyte for a full cell, we selected a carbon-coated NVP composite as the cathode material to pair with the HC anode. As shown in [Figure S7](#mmc1){ref-type="supplementary-material"}A, the NVP cathode in TFEP-based electrolyte delivers an initial reversible capacity of 110.3 mAh g^−1^ and a CE of 99.9% at 24 mA g^−1^, which are similar to those delivered by one using conventional carbonate electrolyte. The higher polarization during charge-discharge process of NVP cathode in the TFEP-based electrolyte is ascribed to the lower ionic conductivity of the TFEP electrolyte. However, the NVP cathode shows comparable rate capability with that using conventional electrolyte ([Figure S7](#mmc1){ref-type="supplementary-material"}B). Owing to the intrinsic structural stability and high Na^+^ ion conductivity of NVP, the Na/NVP half-cell using the 0.9 M NaFSI-TFEP electrolyte can deliver a high rate capacity of 87 mAh g^−1^ at 1,170 mA g^−1^ (10 C) and exhibits a capacity retention of 83.5% after 10,000 cycles ([Figure S7](#mmc1){ref-type="supplementary-material"}C), displaying an extremely long cycling life. Subsequently, the charge/discharge performance of an HC/NVP full cell using a 0.9 M NaFSI-TFEP electrolyte was evaluated. As shown in [Figure 4](#fig4){ref-type="fig"}A, the full cell delivers an initial discharge capacity of 221.5 mAh g^−1^ at 20 mA g^−1^ (based on the mass of HC anode) with an average operating voltage of 3.26 V and an ICE of 70.6%. In addition, rate discharge capacities of 219.2, 195.9, 159.7, 94.5, 45.0, and 21.2 mAh g^−1^ are attained at 20, 50, 100, 200, 500, and 1,000 mA g^−1^, respectively ([Figure 4](#fig4){ref-type="fig"}B), which are very close to those of the Na/HC half-cell. Moreover, the HC/NVP full cell exhibits a high cycling CE of above 99.5% and a high capacity retention of 89.2% after 300 cycles at 100 mA g^−1^ ([Figure 4](#fig4){ref-type="fig"}C), demonstrating an outstanding cycling durability. The energy/power densities of the full cell based on the entire mass of both electrode materials were also calculated, as shown in [Figure S8](#mmc1){ref-type="supplementary-material"}. The full cell can deliver a high energy density of 143.7 Wh kg^−1^ at a power density of 13.37 W kg^−1^ and an energy density of 11.2 Wh kg^−1^ at a high power density of 571.5 W kg^−1^, which are comparable to, or better than, those reported for carbon/NVP batteries with a carbonate electrolyte ([@bib31], [@bib10]).Figure 4Electrochemical Performance and Thermal Stability of the HC/NVP Full Cell Using a 0.9 M NaFSI-TFEP Electrolyte(A) Initial charge/discharge profile at 20 mA g^−1^ (based on HC anode).(B) Rate capability.(C) Cycling performance at 100 mA g^−1^.(D and E) DSC profiles of NaV~2~(PO~4~)~3~ (D) and Na~x~C (E) in carbonate and TFEP electrolytes.See also [Figures S7](#mmc1){ref-type="supplementary-material"} and [S8](#mmc1){ref-type="supplementary-material"}.

Thermal Behavior of HC/Na~3~V~2~(PO~4~)~3~ Battery with 0.9 M NaFSI-TFEP {#sec2.5}
------------------------------------------------------------------------

Furthermore, we examined the thermal behavior of the charged active materials (NaV~2~(PO~4~)~3~ and Na~x~C) in the presence of an EC-DEC electrolyte and a TFEP electrolyte via differential scanning calorimetry (DSC). As seen in [Figure 4](#fig4){ref-type="fig"}D, NaV~2~(PO~4~)~3~-EC-DEC shows an endothermic peak at 265°C and an exothermic peak at 345°C, corresponding to evaporation of the carbonate electrolyte and the reaction between the electrode and electrolyte, respectively. The total heat generation is approximately 214 J g^−1^. In contrast, the NaV~2~(PO~4~)~3~-TFEP exhibits a negligible exothermic peak and heat release (∼10 J g^−1^). For the anode, Na~x~C-EC-DEC displays an earlier onset temperature at ∼210°C and a significantly higher heat generation of 1,224 J g^−1^ than Na~x~C-TFEP (220°C and 90 J g^−1^) ([Figure 4](#fig4){ref-type="fig"}E). The DSC results demonstrate that a TFEP-based electrolyte can not only offer flame retardancy but also significantly reduce the heat released under abusive thermal conditions, comprehensively improving battery safety.

In summary, we presented a safer SIB with a nonflammable TFEP-based electrolyte, exhibiting not only an excellent electrochemical performance but also dramatically improved safety. Under the synergistic effect of fluorine substitution and the low LUMO level of TFEP molecules, a compact and rough SEI layer is formed by the reductive decomposition of the TFEP solvent, enhancing the electrochemical compatibility to an HC anode. The stable TFEP solvent avoids the use of a high-concentration salt, making it more commercially valuable because of the high cost of salt. Moreover, the TFEP electrolyte suppresses undesirable exothermic reactions at elevated temperatures, further ensuring the safety of the SIB. This proof-of-concept study illuminates the design of advanced electrolyte systems for safe, low-cost, and high-performance SIBs for large-scale energy storage applications.

Limitations of the Study {#sec2.6}
------------------------

For the currently used 0.9 M NaFSI-TFEP electrolyte, its relatively low ionic conductivity should be further enhanced to match the high-power system application requirements. It may be resolved by adding some additives to increase the entire dielectric constant of the electrolyte.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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